Lipopolysaccharide (LPS) is one of the potent activators of macrophages. LPS was shown to induce cell spreading and large vacuoles in the cytoplasm of a macrophage-like cell line, JY3. These vacuoles were negative for acid phosphatase histochemistry and did not take up Lucifer yellow added to the medium. Latex beads were incorporated into cytoplasmic vesicles distinct from the vacuoles. These results indicated that the vacuoles are neither phagosomes nor lysosomes.
INTRODUCTION
Macrophages are widely distributed immunomodulating cells in the vertebrate body. They can take up various forms of particulate matter, such as latex beads and opsonized erythrocytes by phagocytosis, 1, 2 and soluble substances by pinocytosis. 3 They express internalized and digested materials on the cell surface in the context of major histocompatibility antigens for the interaction with lymphocytes. 4 Furthermore, these cells can secrete various proteinaceous cytokines, such as interleukins (IL-1, IL-6, IL-8, IL-10, IL-12), tumor necrosis factor-α (TNF-α), interferon-α, -β (IFN-α, IFN-β) and colony stimulating factors (G-CSF, M-CSF, GM-CSF) 5 and non-proteinaceous reactive substances, such as arachidonate cascade products, 6 ,7 nitric oxide 4, [8] [9] [10] and reactive oxygen intermediates. 11, 12 Lipopolysaccharide (LPS) is a component of outer membranes of Gram-negative bacteria, and is a strong activator of macrophages. In humans, LPS is known to cause fever, septic shock and cachexia, 13 and in mice it induces fulminant hepatitis in combination with D-(+)-galactosamine. 14 These effects are allegedly caused by various cytokines, lysosomal acid hydrolases and neutral proteases produced and released by macrophages. [15] [16] [17] LPS is also reported to induce vacuolar structures in macrophages' cytoplasm. 18, 19 Although these vacuoles may well correspond to lysosomes or related organelles, no detailed examination of this question had been done until now. We hypothesized that these vacuoles might be formed by the cell's activity that the cells are trying to internalize and digest bacteria. In the present study, we investigated the process of production of these vacuoles and examined their relationship to either endosome, phagosome or lysosomes with various morphological techniques. We also investigated the cell spreading macrophages exhibit in the presence of LPS. Contrary to our expectation, our results showed that the vacuoles are related to neither lysosomes nor phagosomes, but are shown to be related to endoplasmic reticulum and organelles along plasma membrane-endosome-trans Golgi network-secretory granule pathway.
MATERIALS AND METHODS

Reagents
Lipopolysaccharide (LPS; 055:B5 purified from Escherichia coli), monensin, latex beads (1.07 µm in diameter) and glucose-6-phosphate dipotassium salt (G6P) were purchased from Sigma Chemical Co. (St Louis, MO, USA). Lucifer yellow CH lithium salt (Lucifer yellow), BODIPY FL-C5-ceramide (BODIPY-ceramide), DiOC 6 (3) (DiO) and DiIC 18 (3) (DiI) were purchased from Molecular Probes, Inc. (Eugene, OR, USA). Thiamine pyrophosphate (TPP), brefeldin A and WGA-HRP (horseradish peroxidase-labeled wheat germ agglutinin) were obtained from Wako Pure Chemical Industries (Osaka, Japan). Nanogold-streptavidin was purchased from Nanoprobes, Inc. (Stony Brook, NY, USA). WGA was obtained from EY Labs, Inc. (San Mateo, CA, USA) and EZ-Link™ NHS-Biotin was from Pierce (Rockford, IL, USA). A biotinylated WGA was prepared following the instructions from Pierce. LPS was dissolved in culture medium and stored at -20°C. Lucifer yellow was dissolved in phosphate-buffered saline (PBS). Monensin, BODIPYceramide and DiO were dissolved in ethanol and brefeldin A in methanol. DiI was stored in N,N-dimethylformamide.
Cells and culture
JY3 is a mouse macrophage-like cell line cloned from the parent J774-1 cell line to obtain LPS responder cells (J774-1 is a polyclonal macrophage-like cell line and a low responder to LPS; it was a gift from Dr F. Kura, National Institute of Infectious Diseases). The JY3 cell line was used throughout the study unless otherwise mentioned. Other mouse macrophage-like cell lines, RAW 264 and PU5-18, were supplied by RIKEN Cell Bank (Tsukuba, Japan) and the macrophage-like cell line P388D1 was obtained from Japanese Cancer Research Resources Bank (Osaka, Japan). Mouse L cell fibroblasts were supplied by Dr F. Kura (National Institute of Infectious Diseases), and the mouse NIH3T3 fibroblasts and P3-X63-Ag8.653 myelomas have been maintained in our laboratory.
All cells were maintained in RPMI1640 medium containing 0.03% glutamine, 0.225% NaHCO 3 , 100 µg/l kanamycin, 5 x 10 -5 M 2-mercaptoethanol and 5% fetal calf serum.
Cell lines were plated in 35 mm diameter tissue culture dishes in 2 ml of the medium at a density of 1 x 10 5 cells/dish. For the stimulation by LPS, 0.1 µg/ml of LPS was added to the medium for macrophage-like cell lines and 1 µg/ml of LPS for non-macrophage cell lines, and the cells were cultured for from a few hours to a few days. The cells in which the area of the cytoplasm was larger than that of the nucleus were counted as spreaded cells, and the numbers of spreaded cells and cells containing vacuoles were counted under a light microscope. In one experiment, LPS was substituted by thoroughly washed live JM109 E. coli (5 x 10 7 /dish).
Light and electron microscopy
Cells cultured in the 35 mm diameter dishes were fixed with absolute methanol for 3 min, air-dried and stained with 1:33 dilution of Giemsa solution in 1/150 M phosphate buffer (pH 6.6) at room temperature for 25 min. Then they were washed with tap water for 20 s, mounted in redistilled water (RDW) and observed immediately under a light microscope (Vanox, Olympus, Tokyo, Japan). Some of the specimens were fixed with 1% glutaraldehyde and 2% paraformaldehyde in 0.1 M phosphate buffer (pH 7.4) overnight at 4°C, postfixed with 1% OsO 4 for 1 h on ice, and stained en bloc with 0.5% uranyl acetate for 30 min at room temperature. Then, they were dehydrated with ascending concentrations of ethanol, substituted with propylene oxide, and embedded in Epon 812. Ultrathin sections were obtained using an Ultracut N ultramicrotome (Reichert-Jung Optische Werke AG, Wien, Austria), stained with 2% uranyl acetate in 70% ethanol and 0.4% lead citrate, and observed in a transmission electron microscope (H-7500, Hitachi, Tokyo, Japan) operated at 80 kV.
Lucifer yellow and latex beads ingestion
In order to detect fluid phase endocytosis, cells were cultured in the presence of LPS and 125 µg/ml Lucifer yellow for 18, 24 and 48 h, and the cells were observed under an epifluorescence microscope (BH-2, Olympus, Tokyo, Japan). To compare the precise distribution of vacuoles, fluorescence and phase contrast micrographs of the same area were taken and superimposed with an image-processing system using Adobe Photoshop software on a Macintosh Power Mac 7100/80 personal computer.
Latex beads (1 x 10 8 /35 mm diameter culture dish) were added to the culture together with LPS, and 2 days later the cells were processed for light and electron microscopy as above.
WGA-HRP and WGA-nanogold stain
Cells were labeled with WGA-HRP in 12, 24, 48 h culture period and, thereafter, HRP staining was performed. All the procedures were performed at room temperature. The cells treated with WGA-HRP were fixed with 3.7% glutaraldehyde in 76% ethanol for 10 s, washed with tap water for 1 min and treated with 0.2 mg/ml 3,3′-diaminobenzidine tetrahydrochloride in 50 mM TrisHCl (pH 7.6) containing 2 drops per 50 ml of 3% H 2 O 2 . After 4 min reaction, the specimens were washed in tap water for 2 min, dried in air, mounted in glycerin jelly (8% gelatin, 50% glycerol and 1% of phenol in RDW) and observed under a light microscope.
For electron microscopic analysis, 1:100 dilution of biotinylated WGA was added to the medium and, 6 and 24 h later, the cells were fixed with 0.2% glutaraldehyde and 2% paraformaldehyde in 0.1 M phosphate buffer (pH 7.2) and permeabilized with 0.5% of Triton X-100 in PBS. Then, the localization of WGA was visualized by treating the cells with nanogold-streptavidin solution (1:100) in PBS for 1 h at room temperature and processed as described previously. 20 
Organelle-specific fluorescence dyes
For the visualization of the ER and other membranous organelles, 2.5 µg/ml DiO (excitation at 484 nm and fluorescence at 504 nm) 21, 22 and 4.0 µg/ml DiI (excitation at 550 nm and fluorescence at 565 nm) 23, 24 were added to the culture, and the cells were incubated for 30 min at 37°C, washed extensively, fixed with 10% formalin, and observed with a confocal laser scanning microscope (CLSM: MicroRadiance confocal imaging system, Bio Rad Laboratories, Inc. Hercules, CA, USA). For the detection of the Golgi apparatus and Golgi-derived membranes, JY3 cells, which had been cultured for 1-2 days with or without LPS, were incubated with 1.25 µM BODIPY-ceramide for 10 min at 37°C. 21, 25 The specimens were observed with the CLSM, and bright red excimer fluorescence (excitation at 488 nm and fluorescence at 620 nm) was analyzed.
Histochemistry of the cells
Acid phosphatase histochemistry was performed according to the method of Barka-Anderson. 26 Cells were fixed with 10% formalin containing 1% anhydrous CaCl 2 for 15 min at 4°C, and washed with RDW. Then, the specimens were stained with naphthol As-BI phosphoric acid and hexazonium pararosanilin, washed in tap water, mounted in glycerin jelly and observed under a light microscope.
For detection of glucose-6-phosphatase (G6Pase), 27, 28 the cells were fixed with 2% glutaraldehyde and 8% sucrose in 0.1 M cacodylate buffer (pH 7.4) for 40 s, and washed with 0.1 M cacodylate buffer (pH 7.4). Detection of G6Pase was performed in a solution containing 0.05% G6P, 0.12% lead(II) nitrate and 0.8% sucrose in 80 mM Tris-maleate buffer (pH 6.7) for 60 min at 37°C. These specimens were rinsed with RDW, treated with 1% yellow ammonium sulfide for 2 min, rinsed with RDW again, mounted in glycerin jelly and observed under a light microscope.
In order to detect thiamine pyrophosphatase, 29 the cells were fixed with 2% glutaraldehyde and 8% sucrose in 0.1 M cacodylate buffer (pH 7.4) for 5 min, washed with 8% sucrose in 0.1 M cacodylate buffer (pH 7.4) and incubated in a reaction medium containing 2 mM thiamine pyrophosphate chloride, 0.12% lead(II) nitrate, 5 mM magnesium chloride and 80 mM Tris-maleate buffer (pH 6.7) for 30 min at 37°C. Then, these cells were washed with RDW, treated with 1% yellow ammonium sulfide for 2 min at room temperature, washed with RDW, mounted in glycerin jelly and observed under a light microscope.
Monensin and brefeldin A treatment
The cells were cultured for 2 days in the presence of LPS and monensin (final concentration of 0.1 or 1.0 µM). In another experiment, the cells were cultured in the presence of LPS and various concentrations of brefeldin A. Thereafter, they were fixed with methanol for 3 min, stained with Giemsa solution, and observed under a light microscope.
RESULTS
Induction of morphological changes by E. coli and LPS
In cultures without stimulation, JY3 macrophage-like cells had a round shape and small cytoplasm; they adhered to the culture dishes but did not spread well. When cultured in the presence of JM109 E. coli, the cells began to spread and to form large vacuoles in the cytoplasm (Fig. 1A) . Since LPS is one of the potent immunomodulators released from Gram-negative bacteria such as E. coli, we investigated whether LPS could produce the same effects or not. As shown in Figure 1B , LPS made JY3 cells spread and form large vacuoles in the cytoplasm. These changes were indistinguishable from those induced by E. coli.
By electron microscopy, the cells stimulated with LPS showed no morphological changes except for large electron-lucent vacuolar structures in the cytoplasm and cell spreading. The vacuoles were roughly spherical, and 1.5-3.5 µm in diameter. Occasionally, microvilli-like structures and some particles were seen in the vacuoles (Fig. 2) .
The percentage of spreaded cells started to increase around 6 h after the addition of LPS, and reached a plateau of 69% at 50 h. The percentage of the cells with vacuoles also started to increase around 6 h and reached 42% at 50 h (Fig. 3) .
Of all the cells, 91% were still viable after incubation with LPS for 4 days judging from trypan blue exclusion tests. When the cells were washed thoroughly and cultured again in the absence of LPS, the cells regrew well and the number of cells increased by 20-fold in 4 days, and the viability of the cells was estimated to be 98%. These results suggest that the cells cultured with LPS were healthy and ready to grow, if LPS had been removed from the medium.
To determine whether these changes are general phenomena among macrophages, morphological changes in other macrophage-like cell lines and non-macrophage cell lines were studied. The macrophage-like cell lines 130 Yoshida, Ono, Sawada RAW264 and PU5-18 also showed spreading and formed vacuoles in the presence of LPS. However, P388D1, another macrophage cell line, did not show visible morphological changes upon LPS stimulation (Fig. 4) . Peritoneal macrophages obtained by sodium casein treatment also showed vacuoles and spreaded in the presence of LPS although the percentage of cells exhibiting these changes is much lower than that of JY3 cells. The nonmacrophage cell lines, i.e. L cell fibroblasts, NIH3T3 fibroblasts, and P3-X63-Ag8.653 myeloma cells did not show any morphological changes with LPS (data not shown). Therefore, LPS-induced spreading and vacuole formation seemed to be general to many but not all macrophages, and specific for this cell type.
Relation of the vacuoles to the phagosome, endosome and lysosome
Since macrophages are known to actively phagocytose foreign particles and to contain abundant lysosomes, and since LPS can mimic the effects of E. coli as mentioned above, we speculated that the macrophages had 'regarded' LPS as bacteria and tried to phagocytose it. These vacuoles may, therefore, be related to phagosomes or endosomes or lysosomes.
To test the possibility, we treated the cells with Lucifer yellow, a tracer dye of fluid phase endocytosis. The dye was internalized into the vesicular structures probably corresponding to endosomes or lysosome, but most of the LPS-induced vacuoles did not contain the dye during a 48 h culture (Fig. 5A) .
We also treated the cells with latex beads, a tracer of phagocytosis. Although the latex beads were incorporated into phagosomes in the cytoplasm, they were a distinct structure from the LPS-induced vacuoles (Fig. 5B) . Under an electron microscope, phagosomes containing latex beads were found to be just as large as the latex beads and very often fused with electron-dense lysosomes forming phagolysosomes, whereas the LPSinduced vacuoles were larger than these phagosomes, did not fuse with lysosomes, and remained electronlucent (Fig. 5C) .
We stained JY3 cells for acid phosphatase, a marker enzyme of lysosomes. 25 Many red granules appeared in the cytoplasm which probably correspond to lysosomes, but the vacuoles in question were not stained (Fig. 5D) .
Staining with markers of membrane traffic
When the cells were treated with WGA-HRP, a marker for plasma membrane derived structure, the cells incorporated WGA-HRP into the LPS-induced vacuoles. These results indicated that the membranes of the vacuoles formed by LPS stimulation may have originated from the plasma membrane (Fig. 6A) . As a marker for electron microscopy, we applied biotinylated WGA to the living cells, and visualized its localization with nanogold-streptavidin after fixation and permeabilization. As shown in Figure 6B , the cells incorporated WGA into LPS-induced vacuoles. They were also found in the latex-beads-induced phagolysosomes and on the plasma membranes. The intensity of 132 Yoshida, Ono, Sawada 2) and treated with 0.5% Triton X-100 in phosphate buffered saline. WGA-binding sites were visualized with streptavidin-nanogold treatment, silver enhancement and gold toning. Then, the specimens were processed for electron microscopy. Nanogolds were seen along the plasma membrane (small arrow), phagosomes containing latex beads (arrowheads) and, to a lesser but significant extent, in the vacuole (large arrow).
The origin of LPS-induced vacuoles in macrophages
the signal on the vacuole was not as strong as those on plasma membranes or in the phagolysosomes. This indicated the origin of the membranes of LPS-induced vacuoles is the plasma membrane and related organelles (endosomes, trans Golgi network, secretory granules, etc.) at least in part.
Relationship of the vacuoles to endoplasmic reticulum
We also investigated the origin of the vacuoles with membrane-specific dyes. DiI is a specific dye for ER. 23, 24 When DiI staining was performed, it stained the contour of LPS-induced vacuoles sharply and intensely under a CLSM in any of 12 h, 24 h and 48 h cultures (Fig. 7A) . These results strongly suggested that the LPS-induced vacuoles are derived from ER.
DiO is also a membrane marker whose staining intensity reflects the nature of the membranous organelles. 21, 22 Mitochondria are known to be stained the most brightly, and the intensity of the ER and the plasma membrane follow in this order. DiO often stained the contour of vacuoles at moderate intensity similar to nuclear envelope by CLSM analysis (Fig. 7B) . This observation supports the idea that the LPS-induced vacuoles are derived from ER. However, G6Pase, another marker of ER, 27, 28 The origin of LPS-induced vacuoles in macrophages 133 could not be detected in the vacuoles although the liver section as a positive control showed intense staining in the ER (data not shown).
Relation of the vacuoles to Golgi apparatus
The vacuoles were not stained with markers for Golgi apparatus, BODIPY-ceramide 21, 25 or TPPase (data not shown) 29 in the cells cultured for 24 h with 0.1 µg/ml LPS (Fig. 7C) 
Effect of monensin and brefeldin A
Monensin is an inhibitor of membrane transfer in the medial-and/or trans-compartment of the Golgi apparatus. 30, 31 Figure 8A shows that monensin inhibited not only the formation of vacuoles but also the spreading of the cells. Figure 8B shows the results using another reagent, Brefeldin A, an inhibitor of anterograde membrane transport between the ER and Golgi apparatus. [32] [33] [34] Brefeldin A also inhibited the vacuole formation and spreading.
Contents of the vacuoles
To investigate the content of the vacuoles, we performed the PAS reaction to localize carbohydrates 35 and Sudan III staining for lipids. 36 The vacuoles were negative for PAS staining, although areas adjacent to the nuclei (possibly Golgi apparatuses) were stained pink, suggesting that the vacuoles do not contain a significant amount of carbohydrates (data not shown). The vacuoles were not stained at all with Sudan III, whereas adipose cells around epididymis as a positive control were stained yellow-orange, indicating that the vacuoles do not contain lipids (data not shown).
DISCUSSION
Vacuole formation and spreading are common phenomena among macrophages
Upon stimulation with LPS as well as with E. coli, structural changes were induced in JY3 macrophages; increased spreading and vacuole formation. Similar vacuolization and spreading have been reported for macrophage cell lines (JA-4 and J774A.1) cultured with LPS for 3 and 5 days, respectively. 18, 19 In our experiment, three macrophage cell lines out of four showed similar phenomena, and no cell lines other than the macrophages exhibited these phenomena, suggesting that these changes are specific to and common to macrophages.
Primary macrophages often spread and contain vacuoles. 37, 38 In particular, peritoneal macrophages obtained by thioglycolate medium spread and show abundant vacuoles and resemble LPS stimulated JY3 cells (unpublished observation). Although there is no direct evidence at present, these vacuoles could be the same structure as the LPS-induced vacuoles.
Vacuoles induced by LPS are not artefacts
Since LPS showed strong effects on JY3 macrophages, it is reasonable to speculate that the cells were dying.
134 Yoshida, Ono, Sawada However, even if the cells were cultured with LPS, they regrew when recultured in a medium without LPS. We did not see any pathological changes other than the vacuoles and cell spreading under the light and electron microscopes in the cytoplasm of LPS stimulated cells.
There is also a possibility that what seemed to be a vacuole under a light microscope could be an invagination or ruffling of plasma membrane. Our serial optical sectioning analysis with a confocal laser scanning microscope, however, showed that the vacuoles were confined inside the cells and not a structure open to the extracellular medium. The electron microscope observations also supported the existence of the vacuoles within the cytoplasm.
Relation of the vacuoles to lysosomes
In the beginning of the study, we hypothesized that the vacuoles are related to endocytic mechanisms of either E. coli or LPS and to lysosomes. In this regard, the sucroseand D-alanine tripeptides-induced vacuoles were shown to be related to lysosomes. 39 We found, however, that latex beads were not ingested into the vacuoles but were rather phagocytosed into a different compartment from the vacuoles. The phagosomes containing latex beads fused with lysosomes but the vacuoles with LPS did not. This observation was strengthened by the fact that non-stimulated JY3 cells, which do not have any vacuoles, also could phagocytose latex beads (unpublished observation). In addition, acid phosphatase, a marker enzyme of lysosomes, 26 could not be detected in the vacuoles. These results indicate that the vacuoles are not lysosomes.
Origin of vacuoles: two candidates for the membranes of the vacuoles
The vacuoles were stained with ER-specific dye DiI 23, 24 and moderately stained with DiO, 21, 22 suggesting the membranes of the vacuoles are derived from the endoplasmic reticulum. Glucose-6-phosphatase, an ER marker enzyme, 27, 28 was not shown histochemically in the vacuoles. Since no other organelles in the cells were stained either, ERs in the cells may not contain detectable amount of this enzyme.
The labeling with WGA-HRP and electron microscopic localization of WGA shown by streptavidin-nanogold indicate that at least part of the membrane originated from the plasma membrane. These tracers, however, are reported to be transported to endosomes, 40 ,41 multivesicular bodies, 44 trans Golgi networks, [40] [41] [42] [43] and also sometimes to secretory granules 40 and recycles back to plasma membrane again. 41 The vacuoles should be related to somewhere along these pathways. Although it was reported that WGA-HRP did not go to lysosomes; 42, 44 JY3 cells ingested WGA-nanogold into phagosomes in our observation.
Therefore, at present we regarded that the vacuoles are most probably made by fusion of ER-derived structures and a structure along the plasma membrane-endosometrans-Golgi network-secretory granule (endocytosis and recycling back to plasma membrane) pathway.
As for the contribution of Golgi apparatuses, the vacuoles are not Golgi apparatuses themselves, since BOD-IPY-ceramide (a fluorescent dye for Golgi apparatus 21, 25 ) and TPPase (a trans-Golgi marker enzyme 29 ) did not stain the vacuoles. However, the effect of monensin indicates some contribution of Golgi apparatus. The effect of Brefeldin A may also indicate the contribution of Golgi apparatuses, but it is also plausible that it affects the budding of membranes from ER directly to the vacuole.
The pathways for internalization of extracellular materials
The result with WGA-HRP indicated that the vacuoles are related to somewhere in the endocytosis-trans Golgi network-secretory granule pathway. In the present study, this endocytic pathway is distinct from those used for internalization of Lucifer yellow. It is reported that endocytic pathways for membrane-bound WGA-HRP is different from those used for fluid phase uptake of HRP or Lucifer yellow. 40, 42, 45 The pathway for phagocytosis of latex beads is probably different from the one used for transport of WGA-biotin to the vacuoles. The amount of nanogold labels seemed to be smaller in the vacuoles than those along plasma membrane and phagocytic vesicles. This may indicate that the contribution of plasma membrane is partial or diluted while passing through various compartments.
As for the endocytic pathway for WGA, two distinct organelles have been reported to be involved depending on the tissues; coated vesicles 40 and non-coated vesicles. 44 At present, we do not know which is responsible for the formation of the LPS-induced vacuoles.
Other consequences
It is well known that M-CSF could induce vacuoles in macrophages. 46, 47 Phorbol ester, a C-kinase activator, is also known to induce vacuoles. 48 Although it is not known if the vacuoles in these reports are identical to ours, these results may indicate that LPS-induced vacuolization is mediated by some cytokines and/or Ckinase activation. The vacuoles may be related to internalization of LPS and its signaling process 49 or to some shock reaction by the strong effect of LPS. 13 Further work needs to be done to resolve this issue.
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